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Understanding the evolution of neonatal hypoxic/ischemic is essential for novel neuroprotective approaches. We describe the
neuropathology and glial/inﬂammatory response, from 3 hours to 100 days, after carotid occlusion and hypoxia (8% O2,5 5
minutes) to the C57/BL6 P7 mouse. Massive tissue injury and atrophy in the ipsilateral (IL) hippocampus, corpus callosum,
and caudate-putamen are consistently shown. Astrogliosis peaks at 14 days, but glial scar is still evident at day 100. Microgliosis
peaks at 3–7 days and decreases by day 14. Both glial responses start at 3 hours in the corpus callosum and hippocampal ﬁssure,
to progressively cover the degenerating CA ﬁeld. Neutrophils increase in the ventricles and hippocampal vasculature, showing
also parenchymal extravasation at 7 days. Remarkably, delayed milder atrophy is also seen in the contralateral (CL) hippocampus
and corpus callosum, areas showing astrogliosis and microgliosis during the ﬁrst 72 hours. This detailed and long-term cellular
response characterization of the ipsilateral and contralateral hemisphere after H/I may help in the design of better therapeutic
strategies.
1.Introduction
With the improvement of perinatal care, the frequency of
infant death has reduced considerably, but the incidence of
neurologicaldisabilitiesrelatedtoperinatalbraindamagehas
not decreased in Western countries over the last decades [1–
3]. Perinatal brain injury due to asphyxia, cerebral ischemia,
cerebral hemorrhage, or intrauterine infection is the major
contributor to perinatal morbidity and mortality as the
immaturebrainishighlysusceptibletodamage.Injurytothe
newbornduringtheperinatalstageistheunderlyingetiology
for a host of developmental disabilities that includes spastic
motor deﬁcits such as cerebral palsy [4, 5] and cognitive,
behavioral, attentional, socialization and learning diﬃculties
[6–9]. As brain development substantially inﬂuences the
progression and hallmarks of brain injury [10, 11], it is not
possible to apply therapeutic procedures used for adult
ischemia to newborns.
In term newborn infants, hypoxic/ischemic (H/I) brain
injury is the most common cause of encephalopathy and
seizures. Presently, optimal management of H/I brain injury
involves prompt resuscitation, careful supportive care, and
treatment of seizures. Although hypothermia is a promising
new therapy, and recent studies suggested that head or
whole-body cooling administered within 6 hours of birth
reduces the incidence of death or moderate/severe disability
at 12 to 22 months [12], there is undeniable need for
the identiﬁcation of new therapeutic targets for the im-
plementation of clinical trials to address treatment of
H/I encephalopathy [13]. Accordingly, epidemiological and
experimental data have allowed researchers to identify a
number of potential targets for neuroprotective strategies.2 Neurology Research International
Animal models have led to the elucidation of biochemical
events involved in neurodegeneration and neuroprotection
[14–18]; however, important diﬀerences among species have
been described [19, 20].
The initiation and development of injury to the neonatal
brain is complex, with multiple contributing mechanisms
and pathways resulting in both early and delayed injury [21].
As in other types of acute central nervous system (CNS)
injuries, tissue damage and neurodegeneration initiate a cas-
cade of inﬂammatory response depending on the nature and
extent of damage, which is characterized by the involvement
of damaged neurons, microglial, astrocytes, endothelial cells,
and recruited blood leukocytes [22–25]. Microglial cells are
the main nervous component of the innate immune system,
playing a key role in the phagocytosis of cell debris to repair
damage and maintain tissue homeostasis, but active pro-
ducers of inﬂammatory mediators [26]. Astrocytes rapidly
respond to extracellular changes and are the main cell type
responsible for the restoration of blood-brain barrier, new
glialimitansformation,andtheestablishmentofalong-term
glial scar [27]. In addition, vascular damage induces massive
inﬂux of blood leukocytes, particularly monocytes and
neutrophils,whicharealsoactivelyinvolvedininﬂammatory
processes [28].
It is important to note that the glial and inﬂammatory
response after perinatal brain damage diﬀers from the
mature brain [25] due to key ongoing postnatal develop-
mental processes. Importantly, neuronal dendritic arboriza-
tion, establishment of synaptic contacts, axonal growth,
myelination, and glial diﬀerentiation take place during
the ﬁrst two-three postnatal weeks in rodents [29]. At
the molecular level, several studies have described a distinc-
tive expression of growth factors [30], adhesion molecules
[31], inhibitors of axonal growth [32], and cytokines [33–
35], determining the neonatal brain’s particular response
to injury, showing increased susceptibility to excitotoxicity
[11, 36, 37] and to proinﬂammatory molecules [38, 39].
In this regard, it becomes evident that descriptions of the
glial and inﬂammatory cell changes in adult injury models
cannot be extrapolated to animal models of perinatal brain
damage.
In the present study we have used the experimental
model of H/I-induced neonatal injury initially described by
Vannucci and coworkers [17, 40] for the rat, and adapted
to the mouse in several laboratories [14, 18, 41] with the
advent and increased usage of transgenic and knock-out
mice. As most studies describing detailed neuropathological
and glial and inﬂammatory cellular changes after neonatal
H/I have used the rat model, the goal of our study was
to provide a neuropathological followup of tissue damage
and detailed morphological and quantitative analysis of
astroglial, microglial and leukocytic response following H/I
to the postnatal day 7 mice at nine diﬀerent survival times
ranging from 3 hours after hypoxia to 100 days, focusing
both on the ipsilateral and the contralateral hemispheric
changes. This short- and long-term temporal description
aims to help in the future design of novel experimental
approaches towards the development of neuroprotective
strategies.
2.MaterialsandMethods
2.1. Animals. Ninety-nine C57BL6 mice (from twenty litters
bred in Harlan Labs, France) of diﬀerent postnatal ages were
used in this study. Experimental animal work was conducted
according to Spanish regulations following European Union
directives. Animals were housed under controlled tempera-
ture (22◦C ± 2◦C), with a 12 hour light cycle period and
pelleted food (Global diet 2014) and water ad libitum.T h e
dams and pups were kept on enriched environment. Experi-
mental procedures were approved by the ethical commission
of Autonomous University of Barcelona (CEEAH protocol
no. 811). All eﬀorts were made to minimize the number of
animals and animal suﬀering in every step.
2.2. Hypoxia/Ischemia. Hypoxic/ischemic (H/I) brain dam-
age was induced in postnatal day 7 (P7) C57/BL6 mice by
permanent left carotid occlusion and exposure to hypoxia
as previously described [42]. Brieﬂy, a midline ventral skin
incision was made under isoﬂurane anesthesia (4.5% v/v for
induction and 2.5% v/v for maintenance, and 0.6 L/min of
O2); the left carotid artery was exposed and sutured with a
8/0 silk surgical suture. After surgery, pups were returned to
their dam for at least 1.5 hours to recover. Later, litters were
placed for 55 minutes in a hypoxic chamber containing 8%
of oxygen balanced with nitrogen, with controlled humidity
and temperature maintained at 37◦C. Pups were then re-
turned to their dam until sacriﬁce. The mean index of
postnatal mouse mortality due to surgery or hypoxia was
19.31%, with 18.46% for males and 20.00% for females,
showing no statistical diﬀerences between genders. As 18
animals died during surgical procedure or hypoxia, only 81
animals were analyzed in this study.
2.3. Groups and Sample Processing. Intact control mice were
sacriﬁcedatP7,P10,P14,P21,andadult.Lesionedpupswere
sacriﬁced at 3, 12, 24, 48, and 72 hours, and at 7, 14, 30,
and 100 days after hypoxia. All survival times included pups
from at least 3 diﬀerent litters. Animals were grouped as
followsforcomparisonandanalysiswithcontrols:GroupI—
P7,3hrs,12hrs,24hrs;GroupII—P10,48hrs,72hrs;Group
III—P14, 7 days; Group IV—P21 and/or adult, 14 days,
30 days, and 100 days. For histological and immunohisto-
chemical analysis, mice were i.p. anaesthetized (ketamine
and xylazine 80/10mg/Kg) and perfused intracardially using
4% paraformaldehyde in phosphate buﬀer (PB, pH 7.4).
Subsequently, brains were removed, postﬁxed for 4 hours in
the same ﬁxative, cryoprotected in 30% sucrose, frozen with
dry CO2, and ﬁnally stored at −80◦C until use. Brains were
serially cut in a cryostat (Leica CM3050 S) in 30μm thick
sections and stored in −20◦C mounted on Flex IHC slides
(Dako).
2.4. Nissl Staining: Evaluation of Injury Score. To determine
the injury score, slides were processed for Nissl staining.
O n es e r i e so fp a r a l l e ls e c t i o n sf r o me a c ha n i m a l( 6 – 1 0
mice/survival time) was air dried at room temperature for
an hour, rinsed and incubated with Nissl solution (0.1%Neurology Research International 3
Table 1: Injury score grading system. Survival times from 3 to 72
hours after hypoxia.
Hippocampal CA ﬁeld
(0) No damage
(1) Only one/two patches of neurodegeneration
(2) More than 3 neurodegeneration patches
(3) Most CA1 or CA3 damaged
(4) All CA1 and CA1 damaged
Hippocampal DG
(0) No damage
(1) <40% of DG neurons damaged
(2) Approximately 50% of DG neurons damaged
(3) >60% of DG neurons damaged
Corpus callosum
(0) No changes seen
(1) Increased cellularity in ipsilateral corpus callosum
(2) Increased cellularity in ipsilateral corpus callosum and
swelling
Caudate-Putamen
(0) No damage
(1) <40% of striatal area damaged (usually with increased
cellularity in white matter patches)
(2) Approximately 50% of striatal area damaged
(3) >60% of striatal area damaged
Neocortex
(0) No damage
(1) Scattered neurodegeneration columns in cortex
(2) Neurodegeneration columns in most cortical areas
(3) General neurodegeneration in several areas, all layers
Thalamus
(0) No damage
(1) <40% of thalamic area damaged (only rostral thalamus)
(2) Approximately 50% of thalamic area damaged
(3) >60% of thalamic area damaged
(extending to caudal thalamus)
toluidine blue in walpole buﬀer 0,2M and pH 4,5) at room
temperature for 3 minutes and washed with distilled water.
Sectionsweredehydrated,clearedinxylene,andcoverslipped
with DPX. The degree of tissue damage was calculated
followingtheinjuryscoredetailedonTable 1 (for3to72hrs)
and Table 2 (for 7 to 100 days).
2.5. Immunohistochemistry. T h r e ea n i m a l sf r o me a c hc o n -
trol age group and four representative animals from each
postlesion survival time (injury scores = mean ± 2S.D.)
were processed for the immunohistochemical demon-
stration of astrocytes (by glial ﬁbrillary acidic protein,
GFAP labeling), microglia/macrophages (by Iba-1 labeling),
neutrophils (by Ly-6B.2 labeling), and T-cells (by CD3
labeling). Single immunohistochemistry was initiated by
blocking the endogenous peroxidase (2% H2O2 in 70%
methanol for 10min) and incubation of sections mounted
Table 2: Injury score grading system. Survival times from 7 to 100
days after hypoxia.
Neuronal density in hippocampal CA ﬁelds
(0) No reduction
(1) More than 60% of CA neurons remaining
(2) Approximately 50% of CA neurons remaining
(3) Between 10 and 40% of CA neurons remaining
(4) Less than 10% of CA neurons remaining
Hippocampal CA ﬁeld
(0) No damage
(1) Only one/two patches of neurodegeneration
(2) More than 3 neurodegeneration patches
(3) Most CA1 or CA3 damaged
(4) All CA1 and CA1 damaged
Neuronal density in hippocampal DG
(0) No reduction
(1) More than 60% of DG neurons present
(2) Approximately 50% of DG neurons present
(3) Between 10 and 40% of DG neurons present
(4) Less than 10% of CA neurons remaining
Corpus callosum atrophy
(0) No reduction
(1) More than 60% of tissue remaining (less than 40% atrophy)
(2) Approximately 50% of tissue remaining
(3) Less than 40% of tissue remaining (more than 60% atrophy)
Corpus callosum cellularity
(0) No changes seen
(1) Increased cellularity in corpus callosum
(2) Increased cellularity in corpus callosum and swelling
Caudate-Putamen atrophy
(0) No reduction
(1) More than 60% of tissue remaining (less than 40% atrophy)
(2) Approximately 50% of tissue remaining
(3) Less than 40% of tissue remaining (more than 60% atrophy)
Neocortical atrophy
(0) No reduction
(1) More than 60% of tissue remaining (less than 40% atrophy)
(2) Approximately 50% of tissue remaining
(3) Less than 40% of tissue remaining (more than 60% atrophy)
Thalamic atrophy
(0) No reduction
(1) More than 60% of tissue remaining (less than 40% atrophy)
(2) Approximately 50% of tissue remaining
(3) Less than 40% of tissue remaining (more than 60% atrophy)
on slides for 1h in blocking buﬀer (BB) containing 10%
fetal calf serum and 3% bovine serum albumin in tris-
buﬀered saline (TBS, pH 7.4) with 1% Triton X-100 (TBST)
at room temperature (RT). Slides were then incubated
overnight at 4◦C and 1h at RT with one of the following
primary antibodies diluted in BB: hamster monoclonal anti-
CD3 (AbD Serotec no. MCA2690, dilution 1:250), rabbit
polyclonal anti-GFAP (DAKO no. Z0334, dilution 1:1500),4 Neurology Research International
rabbit polyclonal anti-Iba-1 (Wako no. 019-19741, dilution
1:3000), and rat monoclonal Ly-6B.2 (AbD Serotec no.
MCA771G, dilution 1:500). Later, sections were washed
with TBST and incubated at RT for 1h with respective
biotinylated secondary antibodies: anti hamster (Vector Labs
no. BA9100, dilution 1:500), anti-rabbit (Vector Labs no.
BA1000, dilution 1:500), and anti-rat (Vector Labs no.
BA4001, dilution 1:500), followed by washes with TBST
and incubation for 1h with streptavidin–peroxidase (Vector
Laboratories no. SA-5004, dilution 1:500). The peroxidase
reaction was visualized by incubating the sections in 3,3-
diaminobenzidine and hydrogen peroxide using the DAB kit
(SK-4100; Vector Laboratories, USA) for GFAP, Iba-1 and
Ly-6B.2. For CD3, slides were treated by the glucose oxidase-
DAB-nickelmethod[43],andthereactionwasterminatedby
washing with 0.1M acetate buﬀer (pH 6.0). Finally, sections
were dehydrated and coverslipped in DPX. Sections were
analyzedandphotographedwithaDXM1200FNikondigital
camera joined to a Nikon Eclipse 80i microscope, and plates
were arranged using Adobe Photoshop CS.
2.6. Quantitative Analysis of Immunohistochemical Labelling.
ImageJ software (National Institute of Health) was used
for quantitative analysis of immunoreacted sections. At
least 4 animals/lesioned groups were analyzed. Images from
5 sections/animal were taken, representing the following
regions: corpus callosum (CC), caudate putamen (CP), hip-
pocampus (H), neocortex (N), and thalamus (T) (Figure 1).
Micrographs were captured using the 40x objective (for
the CC and the hippocampus at 72 hours after hypoxia)
or the 20x objective (rest of areas and survival times).
In group I, II and III sections were 240μm apart, and
bregma levels (BLs) analyzed included (approx.): Anterior—
BL1, 0.26mm & BL2, 0.02mm; Posterior—BL3, −1.82mm;
BL4, −2.06mm; BL5, −2.30mm. In Group IV, sections
were 300μm apart, and BL analyzed included: Anterior—
BL1, 0.32mm & BL2, 0.02mm; Posterior—BL3, −1.82mm;
BL4, −2.12mm; BL5, −2.42mm. Image analysis was used to
obtain the area occupied by glial cells, using a modiﬁcation
from a previously described method [44]. Initially, in each
section, the mean intensity of grey (immunoreactive label-
ing) in the contralateral region was measured. Subsequently,
by using the mean intensity of grey as the threshold value,
we measured in both hemispheres the percentage of the
total area occupied by immunoreactive staining showing
an intensity of grey above the threshold (i.e., representing
reactive cells). All samples for demonstration of atrocytes
and microglia were done simultaneously in order to reduce
variability on DAB intensity. Data of both ipsilateral and
contralateral hemispheres are shown as mean values ±
S.E.M.
2.7. Neutrophil Cell Counting. Neutrophils were counted
using ImageJ software (National Institutes of Health). The
regions analysed are shown in Figure 1(b) and included
the hippocampus (H1, H2, H3), neocortex (N), caudate-
putamen (CP), medial third ventricle (M3V), lateral third
ventricle (L3V) median ﬁssure (MF), and thalamus (T) in
at least 4 representative animals of each lesioned group
and 3 animals/control group, with 3 sections/animal, was
analysed. In groups I, II and III sections were 240μma p a r t ,
and counted bregma levels (BLs) included: BL1, −1.82mm;
BL2, −2.06mm; BL3, −2.30mm. In Group IV, sections were
300μm apart, and counted BL included: BL1, −1.82mm;
BL2, −2.12mm; BL3, −2.42mm. All data was corrected by
Abercrombie correction method [45], with an average of
length (t) = 0,848. Data is presented as mean number of
cells/mm2.
2.8. Statistical Analysis. All experiments were performed so
as to reduce variations, and data are presented as mean ±
S.E.M. The data was considered signiﬁcant at P-value <0.05.
Two-way ANOVA followed by Bonferroni posthoc analysis,
along with t-test, was used to determine statistical signiﬁ-
cance as required (Graphpad, Prism 3).
3. Results
3.1. Tissue Damage and Injury Score. Analysis of toluidine
blue-stained sections (Figures 2 and 4) was used to evaluate
the extent of brain damage in both hemispheres at 3, 12, 24,
48, and 72 hours and at 7, 14, 30, and 100 days after hypoxia.
In general, microscopic evaluation showed mild changes in
the contralateral hemisphere [mainly in hippocampus (HP)
and corpus callosum (CC)], and extensive tissue damage and
neuronal loss in the ipsilateral HP and CC at all survival
times analyzed, although the caudate putamen (CP) was
also usually aﬀected. Damage in the cortex (CX) and the
thalamus (TL) was not always seen and showed the highest
variability. In order to better characterize lesion progression,
asemiquantitativeinjuryscorewascalculatedforeachregion
and animal (Tables 1 and 2, Figures 3 and 5). From 3 to
72 hours after hypoxia, damage was characterized by neu-
rodegeneration and increased cellularity due to gliosis, and
the description of the injury score rating is depicted in Table
1. At 7 days after hypoxia, damage was mainly characterized
by atrophy of gray and white matter areas, and therefore a
diﬀerent injury score rating was deﬁned, which is depicted in
Table 2.
3.1.1. Tissue Damage in the Contralateral Hypoxic Hemi-
sphere. From 3 hours to 7 days after hypoxia, no apparent
tissue damage or ventricle swelling in the contralateral
hemisphere was observed using the Nissl staining (Figures 2
and 4; right side of the panel). Interestingly, at 14 days
after hypoxia, scattered patches of neurodegeneration with a
mild reduction in cellular density when compared to intact
age-matched control brains were observed in the CA ﬁeld
of the HP (Figure 4), showing a mean injury score in the
contralateralHPof0.92±0.2(Table 2,Figure 5).Inaddition,
the contralateral CC was also damaged in the 30- and 100-
day survival groups, showing approximate 40% of atrophy
(mean CC atrophy scores of 1.31 ± 0.59 and 0.86 ± 0.38,
resp.) (Table 2, Figure 5), accompanied by evident ventricle
swelling (Figure 4). No apparent changes in the contralateralNeurology Research International 5
CC CC
IL CL
IL CL
CP
CP
CX
H H
CX
TL TL
Rostral
Caudal
(a) Regions analyzed for glial reactivity
IL CL
MF
CP CP
CX CX
H3 H3
H2 H2 H1 H1
TL TL
3V
Caudal
(b) Regions analyzed for leukocyte inﬁltration
Figure 1: Drawings modiﬁed in Adobe Photoshop CS showing brain areas analyzed for quantiﬁcation of diﬀerent antibodies used in
the study. (a) Regions analyzed for quantiﬁcation of glial reactivity in rostral and caudal side of the brain (see Section 2 for details). (b)
Regions analyzed for quantiﬁcation of leukocyte inﬁltration. The regions in red are from the ipsilateral (IL) side and the regions in blue are
from the contralateral (CL) side while the medial regions are shown in green. CC: corpus callosum; CP: caudate-putamen; CX: cortex; H:
hippocampus; MF: medial ﬁssure; TL: thalamus; 3V: third ventricle.
dentate gyrus (DG), caudate-putamen, neocortical layers
and thalamus were seen.
3.1.2. Tissue Damage in the Ipsilateral
Hypoxic/Ischemic Hemisphere
H/IInjuryinHippocampus. Asearlyas3hoursafterh ypo xia,
hippocampal tissue disruption with disorganization of CA
cytoarchitecture and the presence of patches of neurodegen-
erationCApyramidalneuronswasobservedintheipsilateral
hemisphere (Figures 2(b), 2(e) and 2(f)), but showing a high
degree of variability between animals (Figure 3). From 12
to 72 hours after hypoxia, the hippocampal CA ﬁeld was
visibly damaged in all animals, displaying a degenerating
pyramidal cell layer with massive neuronal cell loss in CA1
and CA3 (Figures 2(i)–2(af), left panel), showing a mean
injury score of CA ﬁeld of 3.27 ± 0.74 between 12 and 72
hours after hypoxia (Table 1, Figures 2 and 3). In addition,
at 12 hours, the dentate gyrus (DG) also showed neuronal
injury and layer disruption, which was most evident at the
12- and 24-hours survival times (Figure 2(i)). At 7 days after
hypoxia, massive atrophy of the hippocampus was observed,
showing mean total hippocampal injury scores ranging
from 5 ± 2.2t o1 0 .42 ± 1.46 (out of 12, Table 2), where
the 30-day survival group showed the lowest score (Figures
4 and 5). Hippocampal damage induced approximately a
10–40% of remaining CA pyramidal neurons, but less than
50% reduction in DG neuronal density (Figures 4 and 5).
Interestingly, only in the 33% of the animals, the ipsilateral
hippocampus was observed 100 days after hypoxia.
H/I Injury in Corpus Callosum. From 3 hours post-hypoxia,
the ipsilateral corpus callosum showed increased cellularity
(Figure 2(f)) and the presence of scattered apoptotic cells
(datanotshown).Thedensityofcellsintheipsilateralcorpus
callosum was notably increased at 48 and 72 hours post-
hypoxia (Figures 2(v), 2(ad) and 3), when ventricle swelling
started to become evident (Figures 2(r) and 2(z)). At 7 and
14 days post-hypoxia, increased cellularity was still observed
(Figures 4(f) and 4(n)), but this was minimum from 30
days (Figure 4(v)). Important atrophy of the white matter
accompanied by ventricle swelling was seen in all animals
at 7 days after hypoxia, but it was more remarkable at 14
days after hypoxia, showing mean corpus callosum atrophy
score (14–100 days) of 2.33 ± 0.84, which represented an
approximate 50% tissue loss (Table 2, Figure 5).
H/I Injury in Caudate-Putamen, Neocortex, and Thalamus.
At 3 hours after hypoxia, we observed increased cellularity
and disorganization of white and gray matter areas, mainly
in the dorsal part of caudate-putamen (Figure 3), showing a
mean injury score (3–72 hours) of 1.02±0.81 corresponding
to less than 40% of striatal area damaged (Table 1, Figure 3),
but showing important variability between animals (Figure
3). At 7 to 100 days after hypoxia, there was apparent
caudate-putamen atrophy (Figures 3 and 5).
The neocortex and the thalamus showed mild changes,
that were only apparent in a minority of animals at all
times analyzed, giving very variable results (Figures 3 and 5).
Neocortical damage, when present, was characterized by
scattered radial columns of neurodegeneration and tissue6 Neurology Research International
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Figure 2: Nissl staining showing hypoxia/ischemia (H/I) eﬀects on the hippocampus and corpus callosum of the contralateral (CL) (right
side of the panel), and ipsilateral hemisphere (IL) (left side of the panel), from 3 to 72 hours (hrs) after hypoxia. At 3hrs (a–h), layer
disruption is seen in ipsilateral CA3 (e) and increased cellularity in the ipsilateral corpus callosum (f). At 24hrs (i–p) neuronal degeneration
is widespread in hippocampus (i, j, m, and n). At 48hrs (q–x) and 72hrs (y–af), hippocampal atrophy (compare r to s, z to aa) and massive
neuronal loss is seen in CA1 and CA3 (r, u, and v for 48hrs, z, ac and ad for 72hrs) although the DG is also disorganized (compare q to t, y
to ab). Increased cellularity in the corpus callosum is also seen (v and ad). Scale bars (low magniﬁcations: b, c, j, k, r, s, z, aa) = 100μm; scale
bar in all other micrographs = 25μm. CA1: cornu ammonis 1; CA3: cornu ammonis 3; CC: corpus callosum; DG: Dentate gyrus.
damage, mainly until 12 hours after hypoxia. At 7 days after
hypoxia mild atrophy was seen in some cases (Figure 5).
Cellular damage in the thalamus was even less frequent but
c o u l db eo b s e r v e di ns o m ea n i m a l s ,a ﬀecting the rostral tha-
lamic nuclei (Figure 3). However, probably as a consequence
of ventricle swelling, diﬀerent grades of thalamic atrophy
were seen in most animals at 7 days (Table 2, Figure 5).
3.2. Astroglial Response. Astrocytes were analyzed by GFAP
immunostaining and studied in control intact brains from
P7, P10, P14, P21 and adult mice, and in the contralateral
and ipsilateral hemisphere of hypoxic/ischemic brains from
3 hours to 100 days after hypoxia.
3.2.1. GFAP+ Cells in the Control Postnatal Brain. The
distribution and immunostaining intensity of GFAP+ cells
changed during postnatal development (Figures 6(a)–6(c)),
showing increased GFAP levels at earlier ages, as has
been previously reported [46–49]. Brieﬂy, in addition to
the GFAP+ radial glial processes still observed at P7
(Figure 7(g)), at the P7–P10 age range, the most intense
GFAP+ astroglial cells were found in cortical layer I, the
hippocampal ﬁssure (Figure 6(a)) and white matter areas
includingthecorpuscallosum(Figure 6(a)),andtheﬁmbria.
At P14, GFAP immunoreactivity was generally decreased
but it was maintained in cortical layer I, the hippocampal
ﬁssure and white matter tracts (Figure 6(b)). By P21 in the
adult pattern of GFAP+ cell distribution was established,
showing the strongest immunoreactivity in the astroglial
endfeet surrounding blood vessels (as in the hippocampal
ﬁssure, Figure 6(c)) and in the white matter.
3.2.2. Astroglial Changes in the Contralateral Hypoxic Hemi-
sphere. An astroglial response in the contralateral hemi-
sphere was generally observed, mainly from 3 to 72 hours
afterhypoxia,andbeingimportantlydecreasedby7daysand
longer survival times. Increase in GFAP immunoreactivity
due to astrogliosis was mainly seen in the hippocampal
region (mainly in the hippocampal ﬁssure and the ﬁmbria)
and in the cingulum region of the corpus callosum (Figures
6(d)–6(f) compared to age-matched controls in 6(a)–6(c)).
Astroglial changes in the contralateral hippocampus were
maximal at 24–48 hours after hypoxia (Figure 6(e)). In
addition, mild changes were also noted in the neocortex
(Figures 7(h) and 7(i)), but no apparent changes were
observed in the contralateral caudate-putamen (Figures 7(b)
and7(c))andthalamus.At7daysafterhypoxia,contralateral
hemispheres showed no changes in GFAP+ cell distribution
when compared to age-matched controls. In this sense, it
is important to note that the contralateral hippocampal
and corpus callosum atrophy observed from 14 days post-
hypoxia (Figure 5) was not accompanied by noticeable
astroglial changes in these areas at late survival times.
3.2.3. Astroglial Changes in the Ipsilateral Hypoxic/Ischemic
Hemisphere. Increased GFAP immunostaining and changes
in astroglial distribution and astrogliosis were seen in the
ipsilaterally damaged hemisphere from 3 hours to the last
survival time analyzed (Figures 6–8). The most intense
astroglial response was found in the damaged hippocampus
although the corpus callosum, the caudate-putamen, the
neocortexandthethalamusalsoshowednoticeableastroglial
reactivity.8 Neurology Research International
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Figure 3: Graphs showing the changes in the total injury score along with the injury score in diﬀerent regions analyzed after 3 to 72 hours
(hrs) after hypoxia in Nissl-stained coronal sections. Kruskal Wallis test was done followed by Dunn’s multiple comparison test. ∗P<0.05,
∗∗P<0.01 was considered signiﬁcant.
3.2.4. Hippocampus. At 3 hours after hypoxia, the ipsilateral
hemisphere already showed an increase in astroglial GFAP
labeling as well as astrogliosis when compared to the
contralateral side (Figures 6(d) and 6(g)). At this survival
time, and at 12 hours after hypoxia, reactive astrocytes
mainly covered the hippocampal ﬁssure, and the molecular
and polymorphic layers of the CA ﬁeld, but no reactive
astrocytes were seen within CA pyramidal cell layer or in
the DG. At these early survival times, the area occupied by
reactive astrocytes was signiﬁcantly increased in the IL side
(Figure 8). At 24 hours, but mainly at 48–72 hours after
hypoxia, astroglial processes started to cover the degenerat-
ing CA1 and CA3 pyramidal layers and reactive astrocytes
concentrated in the hippocampal ﬁssure, the molecular layer
and the polymorphic layer of CA1, adjacent to the white
matter (Figures 6(h)–6(m)). Astroglial cell response was
at this time also evident, to a lower extent, in the DG,
mainly in the hilus (Figure 6(j)). As depicted in Figure 8,
the percentage of GFAP+ area in the hippocampus was high
and signiﬁcant in IL hippocampus at all survival times.
At 7 days after hypoxia, an intense glial scar formed in
the degenerated pyramidal layer, around the blood vessels
in the hippocampal ﬁssure and in the hippocampal limits
(Figure 6(n)). At 14 days after hypoxia, astroglial response in
the DG was noticeably decreased although increased GFAP+
cells were often seen in the hilus (Figures 6(o), 6(s)–6(t)).
The glial scar was maintained until 100 days after hypoxia
(Figures 6(p) and 6(q)).
3.2.5. Corpus Callosum. An increase in GFAP immunostain-
ing and cell density when compared to the contralateral
side was already seen at 3 hours after hypoxia (Figure 6(d)
and 6(g)), however maximum response was observed at 24–
72 hours after hypoxia (Figures 6(h)–6(k)), when reactive
astrocytes presented a marked increase in GFAP intensity,
showing hypertrophy and increased process thickness. By 7
days, astrogliois clearly diminished (Figures 6(n) and 6(q)),
and at 14 days after hypoxia, GFAP immunostaining was
strongly decreased and was indistinguishable from controls
(Figures 6(o)–6(r)). It should be noted that no striking
changes were observed in the quantiﬁcation of the astroglial
response when compared to the contralateral side (Figure 8).
3.2.6. Caudate-Putamen, Neocortex, and Thalamus. An in-
crease in astroglial GFAP immunoreactivity was noted in
the caudate-putamen at 3 hours after hypoxia (Figure 7(d))
although no changes in astroglial distribution were seen
until later. From 24 hours, astroglial response was mildly
increased until 72 hours, when maximum GFAP labeling
was reported (Figure 7(e)). Astroglial GFAP expression was
close to control values by 14 days after hypoxia (Figure 7(f)),
although glial scarring in the caudate-putamen remained in
some animals at longer survival times, showing variability
(Figure 8). Notably, the area occupied by reactive astroglial
cells in the ipsilateral caudate-putamen was above con-
tralateral values at all survival times analyzed even though
variability was found in some time points (Figure 8).
In the neocortex, increased GFAP expression and mild
astrogliosis were ﬁrst observed in layers V-VI at 3–12 hours
afterhypoxia(Figure 7(j)),anditspreadtoupperlayersfrom
24 to 72 hours (Figure 7(k)), showing signiﬁcant increases in
astroglial response area (Figure 8). At longer survival times,Neurology Research International 9
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Figure 4: Nissl staining showing H/I eﬀects on the hippocampus and corpus callosum of the contralateral (CL) (right side of the panel), and
ipsilateral hemisphere (IL) (left side of the panel), from 7 to 100 days (d) after hypoxia. At 7d (a–h), overall hippocampal atrophy (b), layer
disruption in ipsilateral CA3 (e), and increased cellularity in the ipsilateral corpus callosum (f) are seen. At 14d (i–p) neuronal degeneration
is widespread in hippocampus (i, j, m, and n). At 30d (q–x) and 100d (y–af), hippocampal atrophy (compare r to s, z to aa) and massive
neuronal loss is seen in CA1 while CA3 is almost disorganized (r, u, and v for 30d, z, ac, and ad for 100d), along with the disorganized DG
(compare q to t, y to ab). Increased cellularity in the corpus callosum is also visible (v and ad). Scale bars (low magniﬁcations: b, c, j, k, r,
s, z, aa) = 100μm; scale bar in all other micrographs = 25μm. CA1: cornu ammonis 1; CA3: cornu ammonis 3; CC: corpus callosum; DG:
Dentate gyrus.
astrocytic response was clearly diminished (Figures 7(l) and
8) and was practically absent by 14 days after hypoxia. In
the thalamus, changes in astrocytes were not observed until
24 hours after hypoxia, showing strong variability between
animals (Figure 8). Astroglial response was characterized by
patches of reactive astrocytes mainly in the rostral thalamus
and only until 7 days after lesion, when glial scarring was
noticed. At longer survival times, it was clearly diminished.
3.3. Microglia/Macrophage Response
3.3.1. Iba1+ Microglia/Macrophages Cells in the Control Post-
natal Brain. Intense microglial Iba-1 staining was observed
at P7 and gradually decreased until adulthood. In postnatal
animals, primitive ramiﬁed microglial cells were mainly
found in the gray and white matter (Figures 9(a), 10(a) and
10(g)) [50] although some amoeboid microglial cells were
seen in the cingulum of the corpus callosum, as previously
reported [51].Inthehippocampus,thenumberofmicroglial
cells gradually increased from medial to lateral regions. In
addition, round-shaped Iba-1+ macrophages were observed
in the pia, very prominently in the medial ﬁssure and in
the ventricle linings, as has already been reported [52].
At P10, microglial cells were slightly more ramiﬁed, and
an increase in cell density was noted, speciﬁcally in the
corpus callosum, where microglial cells showed a parallel
orientation to axon ﬁbers. By P14, microglial cells showed
decreased Iba-1 immunostaining (Figure 9(b)) and ramiﬁed
resting morphology as described for the adult brain [50].
At this age, Iba-1+ macrophages were strongly diminished
in the meninges and ventricles. By 21 days after birth,
only highly ramiﬁed resting microglial cells were observed
in the brain parenchyma, showing very low Iba-1 staining
(Figure 9(c)).
3.3.2. Microglia/Macrophage Changes in the Contralateral
Hypoxic Hemisphere. Microglial activation was generally
observed in several areas of the contralateral hemisphere
f r o m3t o4 8h o u r sa f t e rh y p o x i a( F i g u r e s9(d) and 9(e)). In-
creased expression of Iba-1 and changes in microglial cell
morphology towards reactive ramiﬁed cells mainly, but also
amoeboid cells to a lower extent, were seen in most areas
analyzed, but mainly in the hippocampus (very prominently
in the hippocampal ﬁssure, Figures 9(d) and 9(e)) and the
corpus callosum (Figures 9(d)–9(f)) and other white matter
tracts like the anterior commissural and external capsule,
w h e r em i c r o g l i a lr e s p o n s ew a ss e e nu n t i l4 8 – 7 2h o u r sa f t e r
hypoxia. After 14 days fter hypoxia, only in the hippocampal
ﬁssure and corpus callosum of some animals, mild-activated
microglia was observed. In the caudate-putamen (Figures
10(b) and 10(c)), neocortex (Figures 10(h) and 10(i)) and
thalamus (data not shown), activated ramiﬁed microglial
cells were seen mainly until 48 hours after hypoxia.
3.3.3. Microglia/Macrophage Changes in the Ipsilateral
Hypoxic/Ischemic Hemisphere
Hippocampus. At 3 hours after hypoxia, microglial response
in the ipsilateral hippocampus closely resembled that seen in
the contralateral side; however, reactive microglial cellsNeurology Research International 11
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Figure 5: Graphs showing the changes in the total injury score along with the injury score in diﬀerent regions analyzed after 7 to 100 days
after hypoxia following Nissl staining. Kruskal Wallis test was done followed by Dunn’s multiple comparison test. ∗P<0.05, ∗∗P<0.01,
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tended to accumulate surrounding the blood vessels in the
hippocampal ﬁssure only in the ipsilateral hippocampus
(Figure 9,c o m p a r e9(d) and 9(g)). By 12 hours, reactive
microglial cells changed to pseudopodic/ameboid mor-
phologies and persisted in the ﬁssure, signiﬁcant diﬀerences
between IL and CL hippocampus were observed (Figure 11).
At 24 hours, increased Iba-1+ macrophages were observed in
the third ventricle, and the microglial response was main-
tained in the hippocampal ﬁssure (Figure 9(h)), but Iba-
1+ round-shaped microglia/macrophages started to cover
the degenerating CA ﬁelds (Figure 9(h)). Notably, at this
time, although morphological and distribution changes
in the microglial response versus the contralateral hip-
pocampus were evident (Figure 9,c o m p a r e9(e) and 9(h)),
the area occupied by reactive microglial cells did not
diﬀer signiﬁcantly from the contralateral side (Figure 11),
probably as a consequence of the reduced total cell area
of pseudopodic/ameboid cells versus ramiﬁed cells. From
48 hours to 7 days after hypoxia, a massive increase in
microglia/macrophage cell intensity was evident in the
ﬁssure and CA ﬁeld (Figures 9(i), 9(j), 9(l)–9(n)), showing
a 5–7-fold increase in the area occupied by reactive mic-
roglia/macrophages when compared to the contralateralhip-
pocampus (Figure 11). At longer survival times, microglial
response was strongly decreased, showing scattered reactive
ramiﬁed and macrophages in the ﬁssure and CA only until
14 days (Figures 9(o), 9(s), and 9(t)), but no presence
of reactive microglia/macrophages at 30 and 100 days12 Neurology Research International
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Developmental changes in astrocytes are observed in control animals (a–c), showing a progressive change from more activated astrocytes
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(Figures 9(p), 9(q)). It should be noted that only scattered
activated microglial cells were present in the DG, and always
located in the hilus, correlating with the above described
astroglial response in this area which is mostly spared in
this neonatal injury model as a consequence of its late
development [53, 54].
Corpus Callosum . The corpus callosum, like other white
tracts including the internal and external capsules, showed
microglial response characterized by the presence of reactive
ramiﬁed cells elongated in parallel to axonal tracts, from
a few hours after the insult (Figure 9(g)), and some ame-
boid microglia/macrophages observed at 24–72 hours after
hypoxia (Figures 9(h)–9(k)) and until 7 days (Figure 9(n)),
when response diminished (Figures 9(o) and 9(r)), almost
returning to basal level at 14 days after hypoxia. However,
it should be noted that in this region only mild diﬀerences
in relation to the contralateral side were seen, with no
statistically signiﬁcant diﬀerences shown in the Iba-1+ area
at any timepoint (Figure 11), This pattern of microglial
response in the ipsilateral versus contralateral white matter
correlated with the mild response of astroglial cells described
above although the changes in glial cells of the contralateral
corpus callosum, which also results mildly atrophied, may be
masking the increases in glial response in the ipsilateral side.
Caudate-Putamen, Neocortex, and Thalamus. In general, in
these areas, microglial response was also seen as early as
3 hours after hypoxia and lasted until 7 days although it
showed a high degree of variability and very few signiﬁcant
diﬀerences in compared to the contralateral hemisphere
(Figure 11). Reactive microglial cells mainly showed an
activated ramiﬁed morphology and increased Iba-1 label-
ing (Figures 10(d)–10(f) and 10(j)–10(l)) although some
pseudopodic/amoeboid microglial cells were seen from 12
to 72 hours after lesion, when maximum responses were
seen(Figures 10(e)and10(k)).In thecaudate-putamen,Iba-
1+ cells have shown the higher activation in the ventral-
lateral region. At 7–14 days after hypoxia, in all three regions,
microglial response remained as patches of reactive ramiﬁed
microglial cells (Figures 10(f) and 10(l)).
3.4. Neutrophil Recruitment
3.4.1. Distribution of Neutrophils in the Control Postnatal
Brain. Neutrophils were generally not present in control
brain parenchyma. Only scattered neutrophils were seen
in the medial or lateral third ventricle at P7–P21, in
decreasing numbers with hardly countable cells at P21. At
these ages we also observed a few cells in blood vessels
located in hippocampus and neocortex of both hemispheres
(Figures 12(a)–12(c)). Scattered neutrophils were also seen
in the meninges/median ﬁssure. In comparison to adults,
neonates are known to have weakened neutrophil response
and reduced tendency to extravasate from blood vessels
[55–57].
3.4.2. Distribution of Neutrophils in the Contralateral Hypoxic
Hemisphere. At 3 and 12 hours after hypoxia, some neu-
trophils were observed inside the blood vessels in the
neocortex, caudate-putamen, and in the hippocampus, but
also in the lateral side of third ventricle. By 24–72 hours,
neutrophil cell numbers decreased in the blood vessels of
neocortex and in the third ventricle (Figure 13). At 7–14
days after hypoxia, some neutrophils were observed in the
medial third ventricle (Figure 13), the neocortex, and the
thalamus. At 30 and 100 days after injury, there was hardly
any cell found in the brain blood vessels or the parenchyma
(Figure 13).14 Neurology Research International
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Figure 7: GFAP staining showing eﬀects of H/I on the caudate-putamen (a–f) and cortex (g–l) of the contralateral (CL) (b, c and h, i) and
ipsilateral hemisphere (IL) from 3 hours (hrs) to 14 days after hypoxia (d–f and j–l). Reactive astrocytes are seen in ipsilateral side from
3–72hrs (d, e) as compared to the P7 control (a) or the contralateral side (b, c). At 14 days after hypoxia the astrocytes reactivity decreases
(f). The cortex at 3hrs (j) shows increase in reactive astrocytes and radial glia-like structures (only at this age) as compared to P7 control (g)
and contralateral side (h) with a maximum reactivity at 72hrs (k) when compared to the respective contralateral side (i); and a decrease in
astroglial reactivity is seen at 7 days after hypoxia (l). Scale bar = 100μm. CP: caudate-putamen; CC: corpus callosum; cx: neocortex.
3.4.3. Distribution of Neutrophils in the Ipsilateral
Hypoxic/Ischemic Hemisphere
Hippocampus. Neutrophils were observed in the ipsilateral
hippocampus as early as 3 hours after hypoxia (Figure 13).
Cells were usually found distributed in the hippocampal
ﬁssure, the dentate gyrus, or the ﬁmbria. At 12 hours after
hypoxia, the number of cells increased and was localised in
theCA3region,intheparenchymaaswellasinsidetheblood
vessels. In the hippocampal ﬁssure, the dentate gyrus and in
the ﬁmbria, most of the neutrophils were inside the blood
vessels (Figure 13). At 24 hours after hypoxia, neutrophilsNeurology Research International 15
100
80
60
40
20
0
100
80
60
40
20
0
100
80
60
40
20
0
Caudate-putamen
70
60
50
40
30
20
10
0
A
r
e
a
 
G
F
A
P
+
 
(
%
)
A
r
e
a
 
G
F
A
P
+
 
(
%
)
A
r
e
a
 
G
F
A
P
+
 
(
%
)
A
r
e
a
 
G
F
A
P
+
 
(
%
)
A
r
e
a
 
G
F
A
P
+
 
(
%
)
3  12  24  48  72  7  14  30  100 
IL CL IL CL IL CL IL CL IL CL IL CL IL CL IL CL IL CL
Time after hypoxia
3  12  24  48  72 7  14  30  100 
IL CL IL CL IL CL IL CL IL CL IL CL IL CL IL CL IL CL
3  12  24  48  72  7  14  30  100 
IL CL IL CL IL CL IL CL IL CL IL CL IL CL IL CL IL CL
3  12 24  48  72 7  14  30  100 
IL CL IL CL IL CL IL CL IL CL IL CL IL CL IL CL IL CL
50
40
30
20
10
0
Hippocampus Corpus callosum
Neocortex
IL CL IL CL IL CL IL CL IL CL IL CL IL CL IL CL IL CL
3  12  24  48  72  7  14  30  100 
Thalamus
∗ ∗∗ ∗∗
∗
∗∗
∗
(hrs) (days)
Time after hypoxia
(hrs) (days)
Time after hypoxia
(hrs) (days)
Time after hypoxia
(hrs) (days)
Time after hypoxia
(hrs) (days)
∗ ∗∗
∗∗∗
∗ ∗∗ ∗ ∗∗
∗∗ ∗ ∗∗ ∗∗ ∗ ∗ ∗
∗ ∗ ∗∗ ∗∗
∗∗∗
Figure 8: GFAP+ area on the hippocampus, corpus callosum, caudate-putamen, neocortex, and thalamus is evaluated from 3hrs to 100
days after hypoxia in the ipsilateral (IL) and contralateral (CL) hemispheres. Astrogliosis is shown as the percentage of the GFAP+ area (see
Section 2 for details). The hippocampus and caudate-putamen are the most aﬀected regions and signiﬁcant diﬀerences between IL and CL
hemispheres are found at all time points. The astroglial reactivity in corpus callosum is observed at 12hrs after hypoxia between IL and
CL. Higher astrogliosis is observed in the ipsilateral neocortex at almost all times analyzed compared to CL side. A signiﬁcant increase in
astroglial activation after 72hrs is seen in the IL thalamus. Signiﬁcant diﬀerences between IL and CL hemisphere are shown using unpaired t
tests, with Welch’s correction if suitable (∗P<0.05, ∗∗P<0.01, ∗∗∗P<0.001). Individual data and mean ± S.E.M, are represented to show
the dispersion in each group.
were observed throughout the hippocampus but mainly
localised in CA1 region and the ﬁmbria (Figure 13). By 48
hours after hypoxia, neutrophils were not observed in the
dentate gyrus though a few cells were present near CA3 and
the ﬁmbria (Figure 13). Neutrophils appeared to be evenly
distributed throughout the hippocampus after 72 hours
after hypoxia, but signiﬁcantly higher density of cells were
observed at 7 days after hypoxia (Figures 12(d)–12(f) and
13). At this time of maximum neutrophil numbers, the cells
weremostlyobservednearthehippocampalﬁssure,CA1and
CA3region,withthemajorityofcellsintheparenchyma,but
usually concentrated near the blood vessels (Figures 12(e)
and 12(f)). At 14 days after hypoxia, the amount of cells
rapidly decreased although a few cells were still found, in
close opposition to blood vessels in the hippocampal ﬁssure
and around the CA3 region. At 30 days after hypoxia, very
few neutrophils inside the blood vessels could be identiﬁed,
and at 100 days after hypoxia no neutrophils were seen inside
the hippocampus.
Ventricles. An elevated number of cells were also present
in the third ventricle, both medially and in the ipsilateral16 Neurology Research International
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Figure 9: Iba-1 immunostaining showing age-matched controls and H/I eﬀects on the hippocampus and corpus callosum. Developmental
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(f). In the IL side, higher proportion of amoeboid cells is seen from 24hrs (h) to 72hrs (j). At 7 days after hypoxia (n), a reduction on the
level of microglia morphologically activated is observed, returning to the basal level at 14 days (o). Resting morphology is observed at 30 (p)
and 100 days (q). Detailed morphology of Iba-1+ cells in the cc (k), hf (l), and CA1 (m) observed after 48hrs and 14 days after H/I (r, s and
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ammonis 1; hf: hippocampal ﬁssure; CC: corpus callosum.
side of the third ventricle as early as 3 hours after hypoxia
(Figures 12(g) and 13). At 12–48 hours, the quantity of cells
progressively decreased, but they were mostly distributed
in the medial part (Figure 13). By 7 days after hypoxia,
correlating with increased numbers also in hippocampus, an
increase in neutrophils both in the medial and ipsilateral side
of the ventricle could be seen (Figure 13). Finally, by 14 to
100 days, no neutrophils were seen in the lateral side of the
third ventricle although scattered cells were located in the
medial part.
Caudate-Putamen, Neocortex, and Thalamus. From 3 hours
to 72 hours, only a few neutrophils were located in the
caudate-putamen region (Figure 13). An increase in the
number of cells was seen at 7 days (Figures 12(h) and
13), correlating with previously described areas. At longer
survival times, no neutrophils were seen in this region.
At 3 hours after hypoxia, some neutrophils were dis-
tributed in the blood vessels of diﬀerent layers of the
neocortex (Figure 12(i)), being the time showing the highest
density (Figure 13). From 12 to 72 hours a reduction in
neutrophil cell counts was generally observed although by 72
hours a few cells remained in the upper layers of neocortex.
At 7 days after hypoxia, there was a mild increase in
neutrophils located inside the cortical blood vessels in both
hemispheres. At 30 and 100 days, almost no neutrophils were
present in the neocortex, and if so, they were located inside
the blood vessels (Figure 13).
In the thalamus, very few cells were observed as com-
pared to the other regions analysed. No neutrophils were
observed from 3 to 48 hours after hypoxia, and only a few
c e l l sw e r es e e na t7 2h o u r s ,7a n d1 4d a y s( F i g u r e s12(j) and
13). From 30 days, neutrophils were no longer present in the
thalamus (Figure 13).
3.5. Lymphocyte Distribution in the Control and the
Hypoxic/Ischemic Brain. In the control brain and at all ages
analysed, scattered lymphocytes were only located in the
ventricles and meninges, although scattered single cells were
sometimes seen in the hippocampus, neocortex, always
inside the blood vessels (Figures 12(k), 12(l) and 12(m)). At
all time points analysed after hypoxia, no changes were
seen in the contralateral or the ipsilateral hemisphere when
compared to control.
4. Discussion
In this study we have performed a detailed short and
long-term analysis of neuropathological changes, astroglial,
microglial response, and leukocyte recruitment following
H/I to the neonatal mouse brain, describing massive damage
and cellular changes in the ipsilateral hemisphere, but also
not negligible changes in the contralateral side. Several of
these results will be discussed in separate sections.
4.1. Neuropathological Changes in the Ipsilateral H/I Hemi-
sphere. Our description of neuropathological changes in the
ipsilateral hemisphere is in agreement with previous reports
[18, 42, 58, 59], showing hippocampal damage as the most
striking feature of hypoxic/ischemic damage in the neonatal
mouse, whereas damage to caudate-putamen, neocortex,
and thalamus is highly dependent on the postnatal age and
the duration of the hypoxia. Hippocampal damage with
tissue disruption, neuronal damage, and disorganization of
the CA cytoarchitecture was observed as early as 3 hours
after hypoxia followed by milder damage to DG at later
survival times, which is maintained relatively spared due to
itspostnataldevelopment.At7daysafterhypoxia,signiﬁcant
atrophy of hippocampal area is evident. This temporal pat-
tern of neurodegeneration is consistent with the observation
from other studies showing that H/I damage in an immature
brain evolves more rapidly than its adult counterpart [40,
60].18 Neurology Research International
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Figure 10: Iba-1 immunostaining in control animals and H/I eﬀects on the caudate-putamen (CP) (a–f) and neocortex (CX) (g–l). Control
brain P7 shows basal expression of microglial Iba-1 in the CP (a) and CX (g). In the CP, activated microglia increase in the contralateral (CL)
hemisphere at 3hrs (b) up to 48hrs (c). Higher activation is observed in the ipsilateral (IL) hemisphere at 3hrs (d), showing a maximum at
48hrs (e), and slowly returns to resting morphology with some patches of activated microglia after 14 days (f). Similar pattern is observed
in the neocortex, CL hemisphere shows diﬀerential expression with respect to control animals from 3hrs (h) to 72hrs (i). Higher activation
is observed in the ipsilateral (IL) hemisphere at 3hrs (j), a clear amoeboid patch pattern is observed in the neocortex after 72hrs (k), which
slowly returns to resting morphology with some patches of primitive ramiﬁed microglia after 7 days (l). Scale bars: 50μm.
We observe subcortical white matter damage and long-
term atrophy, which has been described as a hallmark of
neonatal H/I in preterm infants, where the oligodendrocytes
in the periventricular white matter are considered one of
the most vulnerable cell types to H/I damage [61, 62]. In
rodent models, neonatal H/I injury has been shown to cause
axonal degeneration [63] and disturbances in myelination
[64, 65]. Following H/I in the P9 mouse, several authors
have reported decreased expression levels of myelin basic
protein (MBP) and proteolipid protein (PLP), decreased
neuroﬁlament expression, and the presence of apoptotic cells
in the corpus callosum within 24 to 72 hours after injury
[66, 67]. White matter damage has been related to the loss
of immature oligodendrocytes in the tracts as well as the loss
of subventricular zone (SVZ) progenitors after H/I, inducing
a depletion of oligodendrocyte precursors [68, 69].
Another area showing consistent damage and atrophy in
the mouse model of H/I is the caudate-putamen, and the
neocortextoalesserextentandshowinghighervariability.In
this regard, a recent study by Selip and coworkers using theNeurology Research International 19
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Figure 11: Iba-1+ area on the hippocampus, corpus callosum, caudate-putamen, neocortex, and thalamus is evaluated from 3hrs to 100
days after hypoxia in the ipsilateral (IL) and contralateral (CL) hemispheres. Reactive microglia is shown as the percentage of the Iba-1+
area (see Section 2 for details). The hippocampus is the most aﬀected region by H/I at 12, 48, 72hrs and 7 days, as can be observed between
IL and CL hemisphere. Signiﬁcant diﬀerences on Iba-1+ area are observed at 12 and 72hrs after hypoxia in the caudate-putamen and after
12hrs in the thalamus. Signiﬁcant diﬀerences between IL and CL hemisphere are shown using unpaired t tests, with Welch’s correction if
suitable (∗P<0.05, ∗∗P<0.01, ∗∗∗P<0.001). Individual data and mean ± S.E.M, are represented to show the dispersion in each group.
neonatal rat model [70] have shown that rats with moderate
or severe loss of MBP having signiﬁcantly increased axonal
degeneration in the temporal-parietal cortex, caudate-
putamen, thalamus, and internal capsule. Moreover, pups
without evidence of severe white matter loss exhibited
mild selective grey matter injury, as evidenced by mild
axonal injury and neuronal degeneration, in the cortex,
internal capsule, and caudate-putamen; structures central
to language processing and understanding, and motor and
sensory function. Injury in these regions, even if mild, may
be implicated in the neurocognitive disturbances noted in
preterm survivors who do not demonstrate other clinical or
radiological evidence of overt periventricular white matter
injury [71]. It is interesting to note that we here describe
in the mouse that caudate-putamen and cortical atrophy are
mainly noted as a long-term eﬀect but show very disperse
injury scores at early survival times.
4.2. Contralateral Hippocampus and Corpus Callosum Show
Mild Long-Term Atrophy. Moreover, the eﬀect of H/I in
the contralateral hemisphere has been studied extensively
to suggest that it cannot be used as an eﬃcient control for
histological assessment of brain damage in mice, in contrast
to what has been described previously in the neonatal rat
[60, 72, 73], providing an signiﬁcant diﬀerence in these
species response to H/I.
Previous studies using the rat model of H/I have demon-
strated that the blood ﬂow to the contralateral cerebral20 Neurology Research International
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Figure 12: Leukocyte inﬁltration is monitored by analysing neutrophils (Ly6B2 staining) and T-lymphocytes (CD3 staining). Ly6B2 staining
in the control animals at P7 shows a few neutrophils inside the blood vessels in the hippocampal ﬁssure (a), in DG (b), and in the CA (c)
regions. In the hippocampus the maximum density of cells is observed at 7 days after hypoxia especially in the hippocampal ﬁssure (d);
CA3 (e) and CA1 (f). In caudate-putamen an increase is observed at 7 days after hypoxia (h). In the ventricles (g) and the neocortex (i)
the maximum quantity of neutrophils is observed at 3 hours after hypoxia. No signiﬁcant diﬀerence was observed in the thalamus (j). CD3
staining in the control animals shows the presence of lymphocytes in the meninges (k) and in the ventricles (l). Finally, scattered cells are
observed in the neocortex (m). Scale bars: 10μm. Hf: hippocampal ﬁssure; DG: Dentate gyrus; CA: cornu ammunis.Neurology Research International 21
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Figure 13: Neutrophils quantiﬁcation is done using image J software (NIH) and is evaluated at 3–72 hours and 7–100 days. The regions
analysed were the hippocampus, medial/lateral third ventricle, caudate-putamen, neocortex, and thalamus. The quantity in the ipsilateral
side is compared to the contralateral hemisphere. Signiﬁcant changes are observed in the ipsilateral side of the hippocampus and caudate-
putamen at 7 days after hypoxia while a decrease in number is observed after 3 hours in the ventricles and neocortex. There is no change in
the thalamus. All values are represented as mean ± S.E.M and are corrected using Abercrombie correction method. Two-way ANOVA with
Bonferroni post-hoc analysis is used to compare ipsilateral versus contralateral hemisphere at all time points and ∗P<0.01, ∗∗P<0.001
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hemisphere structures is relatively unchanged during hy-
poxia [74], and that the contralateral hemisphere, when
evaluatedseveralweeksaftertheinjury,showsnotissuealter-
ations or atrophy, suggesting that the contralateral hemi-
sphere can be used as a “control” reference for the evaluation
of the extent of damage in the ipsilateral hemisphere in the
rat [73]. Some molecular changes in kinases and proinﬂam-
matory molecules have been described in both hemispheres
in H/I neonatal rats [75, 76]. Also Jansen and Low [72]
histologically assessed a hypertrophy of the contralateral
hemisphereinadultratsthathadundergoneperinatalH/I.In
the mouse brain, several laboratories have shown that it does
not suﬀer apparent changes during the ﬁrst week following
H/I [18] as is also commonly used as a reference to evaluate
the ipsilateral hemisphere. Interestingly, inﬂammatory gene
proﬁling in P9 mouse brain after H/I shows more than 140
genes involved in the tissue response during the ﬁrst 72
hours; however, only microglial expression of osteopontin
showed an increase in contralateral subcortical white matter
[77]. While mice and rats show distinguished regional
features in tissue damages, it would be interesting to analyze
the molecular changes in HI-neonatal mice. Nevertheless, it
should be noted that we here report that analysis of the H/I
mouse brain up to 3 months after the injury shows some
degree of atrophy in the contralateral hippocampus and the
corpuscallosum,accompaniedbyventricleswelling,anevent
that has been reported earlier [78].
The immature brain has a tendency of considerable com-
pensatory reorganization following injury. There are reports
stating compensatory reorganizational changes occurring
in the contralateral hemisphere in some animals following
neonatal H/I brain injury and that this plasticity may be
functionally advantageous [72]. Moreover, the presence of
signiﬁcant cognitive deﬁcit in apparent unilateral focal brain
injuryalsoindicatestowardstheinvolvementofcontralateral
hemisphere [79]. In this sense, it should be noted that H/I
animals undergo systemic hypoxia, which has been shown to
induce changes in gene expression and cell activity by itself.
As an example, change in the expression of certain cytokines,
like Hypoxia Inducing Factor alpha (HIFα), and P-Akt to
the same extent in both the ipsi—as well as contralateral
hemisphere showed that hypoxia is suﬃcient to regulate
multiple mediators that may contribute, but may not be
suﬃcient to induce long-term neuronal damage [76].
4.3. Glial Response
4.3.1. Transient Astroglial Response in the Contralateral
Hippocampus and White Matter and Long-Term Glial Scar
Formation in the Ipsilateral Hemisphere. As reviewed by
Sofroniew and Vinters [80], many gray matter astrocytes in
healthy CNS do not express GFAP at immunohistochemi-
cally detectable levels or express low levels as in neonates.
In our immunohistochemically processed sections, although
GFAP expression was seen in control neonatal brains, an
increase in GFAP immunostaining was observed after H/I
fromearlytimepoints(3–12hours)incomparisontoP7age-
matched control, implying an onset of astrogliosis.
Notably, changes in astroglial morphology by GFAP
immunostaining were ﬁrst seen at 3 hours post-hypoxia
both in the ipsilateral as well as contralateral hemisphere. In
the contralateral hemisphere, increased GFAP and astroglial
hypertrophy showed a maximum response at 24–48 hours
after hypoxia but decreased at longer survival times. In the
contralateral side, astroglial response was very restricted to
the corpus callosum and the area of the hippocampal ﬁssure,
but never covering the CA-neuronal layer. However, in the
ipsilateral H/I-damaged hemisphere, the increase in GFAP
expression and cell hypertrophy peaked at 14 days after
hypoxiaandwasevidentinthecorpuscallosum,thecaudate-
putamen, the neocortex, and the hippocampus, where the
long-term glial scar persisted till 100 days after hypoxia.
As the radial glia mature, they show GFAP expression
and some give rise to GFAP-expressing radial neural stem
cells (NSCs) that persist in juvenile and adult forebrain,
while others become astrocytes [81–83]. Some of these
radial NSCs remain constitutively active throughout life in
the subventricular zone of the lateral ventricles and in the
subgranular zone of the hippocampal dentate gyrus, where
they are the predominant source of adult neurogenesis. This
might be the reason of concentration and persistence of
glial scar or GFAP+ cells at 14–100 days after hypoxia in
hilus and hippocampal ﬁssure in our study. Notably, GFAP
expressionafterH/Iwasalsofoundmosthighlyconcentrated
in layers showing high content of synaptic contacts including
the hippocampal ﬁssure in the neonatal brain as seen in our
study, which is in concordance with reports where astrocytes
appear to inﬂuence developmental synaptic pruning by
releasing signals and thereby tag them for elimination by
microglia [84, 85].
The role of reactive astrogliosis in the evolution of
ischemic brain lesions especially in neonates is at present
not clear, but recent studies have suggested that reactive
astrocytes provide essential metabolic support to neurons
during transient ischemia and that failure of astrocyte
functions may contribute to neuronal degeneration [86,
87]. Additionally, in adult transgenic mice, experimental
disruption of astroglial scar formation following stroke is
associated with loss of barrier functions along the margins
of infarcts, resulting in increased spread of inﬂammation
and increased lesion volume [88]. Moreover, adult mice
lacking GFAP [GFAP(−/−)]show attenuated reactive gliosis,
reduced glial scar formation after focal brain ischemia as
compared to injured developing brain where there is only an
increase in the survival of newborn neurons [89].
Astrocytesalsoplayavitalroleinwhitematter,regulating
molecules such as glutamate in the extracellular space and
preventingexcitotoxicdamagetoneighbouringoligodendro-
cytes and axons. GFAP knockout mice exhibit degeneration
of myelin with progressing age [90]. Consistent with pre-
vious reports, we noted an increase in GFAP expression in
white matter astrocytes accompanied by hypertrophy and
process thickening in ipsilateral hemispheres [91].
4.3.2. Transient Microglial Response in the Contralateral
Hemisphere and Widespread in the H/I Damaged Side. InNeurology Research International 23
control postnatal mice, we observed amoeboid and ramiﬁed
microglia throughout gray and white matter from P7 to P14
mice, as has been described previously [92]. As the brain
development continues after birth, microglial cells need to
adapt to the changes in the microenvironment [92]. Until
P14, we observed groups of amoeboid microglial cells which
are present in the developing corpus callosum, cingulum,
and ﬁmbria. These cells are proposed to be involved in
the phagocytosis of cellular debris and contribute to the
axonal nerve ﬁber remodeling and synapsis during normal
development [93–95].
I nt h ep r e s e n ts t u d y ,w eh a v eo b s e r v e dm o r p h o l o g i c a l l y
activated microglia from 3 to 72 hours after hypoxia in the
contralateral corpus callosum, with a peak of response at 24
hours. This microglial response to hypoxic conditions in the
subcortical white matter has been extensively studied by the
group of Ling and coworkers, who have demonstrated that
hypoxia-activated microglial cells in the developing white
matter produce several inﬂammatory mediators including
cytokines, chemokines, and reactive oxygen species which
are detrimental for white matter development and oligo-
dendrocyte survival (reviewed in [96]), which may account
for the long-term contralateral corpus callosum atrophy we
observe,althoughthemicroglialresponseinthecontralateral
corpus callosum is transient, in agreement with the ﬁndings
of Zaidi and coworkers [97] in the P7 rat model, that did
not observe activated microglia after 14 days of hypoxia
in the contralateral hemisphere. Interestingly, in agreement
with our observations, Cowell and coworkers [98]h a v e
shown a transient contralateral microglia activation in the
cortex, white matter and hippocampus after an unilateral
transection of MCA in neonatal rat brain.
Obviously, microglial response in the ipsilaterally dam-
aged corpus callosum is very striking, showing reactive
ramiﬁed and ameboid/macrophagic forms from 3 hours to
14 days after hypoxia, with a peak of response at 48–72
hours. It is now evident that the developing brain is highly
susceptible to hypoxic damage because of its high oxygen
and energy requirements [99, 100], and that white matter at
thisdevelopmentalstageisvulnerable.Moreoverithavebeen
described that the myelin from the degenerating axons is
phagocytosed by microglia [101]. In this sense, as long-term
atrophied white matter is observed after microglia returns to
a resting state, we may suggest that activated microglial cells
may not be suﬃcient to complete phagocytosis and avoid the
inhibition of oligodendrocyte precursors diﬀerentiation. As
most of this knowledge is mainly obtained from results in rat
models and several diﬀerences has been described between
rodents, a more detailed description on the late eﬀects on
oligodendrocytes, their precursors, myelination and axonal
degeneration in neonatal mice brain hypoxic ischemic injury
is needed.
Interestingly, microglial response in the contralateral
gray matter areas was more evident that the astroglial
response, and activated microglial cells were seen as early
as 3 hours after hypoxia in the hippocampus, but also in
the caudate-putamen and cortex (see Figures 9 and 10);
however, contralateral microgliosis was very transient and
only persisted until 48–72 hours depending on the regions.
In the contralateral hippocampus, microglial response was
mostly evident in the hippocampal ﬁssure, and not so
widespread as in the ipsilaterally damaged side, where we
describe a layer-speciﬁc activation of microglia as early as
3 hours after hypoxia, with a maximum response from
48 hours to 7 days, followed by a patchy pattern at later
time points. This has also been demonstrated at early time
points in rat model as mentioned previously by Cowell
and coworkers [98]. Remarkably, hippocampal microglial
response was ﬁrst observed surrounding the blood vessels
in the hippocampal ﬁssure, which have been suggested
to be more vulnerable to ischemic episodes than those
from other hippocampal areas [102]. Interestingly, this is
known to be one of the sources of microglia progenitors
during late embryonic life in the rat, showing, during
early postnatal development an outside-to-inside microglia
distribution pattern towards the pyramidal or granular cell
layers[92].From24hoursonwardsevidentneuronaldamage
when evident neuronal damage takes place in the ipsilateral
hippocampus and then ameboid/macrophagic phagocytic
microglia populate the neurodegenerating CA areas.
The association between microglia activation and injury
development raises the question whether this reaction is
detrimental or beneﬁcial [103–105]. Traditionally, microglia
activation was considered harmful [19, 58]. However, it is
now established that, as macrophages do in the periphery,
microglia has two diﬀerent patterns of activation and func-
tion in response to CNS injury (revised by [26, 103, 106]).
Then, selective ablation of proliferating microglial cells
exacerbates ischemic injury [107]. Moreover, opposite eﬀects
have been described in neonatal H/I mice and rats using
minocycline, a tetracycline derivative that nonspeciﬁcally
blocks all microglia activation. In rat brain, this treatment
protects the brain tissue in some reports [19, 20]b u to n l y
have a transient protective eﬀect in others [108]. In contrast,
tissue damaged increases in minocycline-treated H/I mice,
especially in cortex, caudate-putamen and thalamus with-
out signiﬁcant eﬀects on hippocampus [20]. Additionally,
selective depletion of microglia before a transient MCAO
in a P7 rats does not change the volume of injury but
enhances cytokines production compared to not depleted
animals [109], suggesting a beneﬁcial role of microglial cells.
These evidences made a complete characterization of
neonatal mice microglial response essential, in order to
deﬁne the better window and target for protective therapies.
New insides in the physiological activity of microglia (called
“surveillance” instead of “resting”), joined to adult MRI
and behaviour assessment [78, 110], would be beneﬁcial
to promote phagocytic and anti-inﬂammatory response of
microglia than a complete blocking of their activation in
order to obtain better outcomes of therapies applied to
injured developing brain.
4.3.3. H/I Induces Neutrophil Recruitment but Very Low
Presence of Lymphocytes. The neonates are known to have
weakened neutrophil response and reduced tendency to
leukocyte extravasation from blood vessels [55–57].Previous
studies have demonstrated that neutrophils contribute to the24 Neurology Research International
long-term hypoxic/ischemic brain injury in the neonatal rat
brain [111, 112]. We here report that neutrophils appeared
as early as 3 hours after hypoxia in blood vessels of most
of the regions studied, especially in the neocortex and third
ventricle, in agreement with previous reports showing that
neutrophils are seen in brain blood vessels rather early
[111, 113, 114]. However, there are limited studies reporting
neutrophils in the neonatal parenchyma after hypoxia, and
the results are variable; we observed neutrophil recruitment
to the injured mouse parenchyma (mainly hippocampus and
caudate-putamen) after 72 hours to 7 days after hypoxia,
whereas other studies have shown neutrophils accumulated
in the injured rat parenchyma at 12–24 hours after hypoxia,
peaking at 72–96 hours [113, 115]. Notably, neutrophils
accumulate in the same areas of microglia/macrophage
accumulation, contributing in the removal of cellular debris
and the release of cytokines to further attract more immune
cells to the injury site [114, 116]. The negligible lymphocytic
inﬁltration reported here is in accordance with previous
reports where no CD3+ cells were detected in the neonatal
P1 rat brain at 48 hours after hypoxia and LPS induction
[117]. Furthermore, there are reports of very low expression
of CD3γ chain of the T-cell receptor in P3, P7, and P14 mice
b r a i ni nc o n t r a s tt oa d u l t[ 33].
Since many investigators are using transgenic and knock-
out mice to determine the importance of speciﬁc molecules
in the evolution of damage after brain injury, there is an
urgent need to perform comparative studies on the relative
vulnerability of the mouse brain in comparison to other
species.Amousemodelofhypoxic-ischemicencephalopathy
has paved a way for the description of the speciﬁc molecular
mechanisms associated with this destructive disease, by the
use of genetically modiﬁed animals. Our major ﬁnding
describing the short- and long-term eﬀects as well as the
involvement of the contralateral hemisphere may serve as a
valuable resource for functional deﬁnition of neuroprotec-
tion or damage as well as will aid in selecting the time and
mode of intervention in the broad therapeutic window.
5. Conclusion
To summarize, this study describes qualitatively and quanti-
tatively the tissue damage, glial response, and inﬂammatory
cell recruitment after brain injury induced by carotid
occlusion and systemic hypoxia (8% O2, 55 minutes) to
the postnatal day 7 mouse brain, analyzing changes from 3
hours to 100 days after hypoxia. In general, massive tissue
injury and atrophy in the ipsilateral hippocampus, corpus
callosum and caudate-putamen are consistently shown, with
neutrophil recruitment and earlier microgliosis, but persis-
tent long-term glial scarring until 100 days after hypoxia.
Remarkably, in the contralateral hippocampus and corpus
callosum, milder atrophy is delayed in areas that show the
activation of astrocytes and microglial during the ﬁrst 72
hours. This study highlights that care should be taken when
using the contralateral hemisphere as control while studying
ipsilateral H/I injury in postnatal mouse brain.
Acknowledgments
This research is supported by BFU2009-08805 from the
Ministry of Science and Innovation, Government of Spain.
K. Shrivastava holds an I3 Intensiﬁcation postdoctoral fel-
lowship from Universitat Autonoma Barcelona. M. Chertoﬀ
holds a Marie Curie International Incoming fellowship
(2009-IIF-253110). The work is dedicated to Dr Laia Acarin,
an outstanding scientist, who deceased during the evaluation
of this manuscript, on December 29th, 2011.
References
[1] B. Hagberg, G. Hagberg, I. Olow, and L. V Wendt, “The
changing panorama of cerebral palsy in Sweden. VII. Preva-
lence and origin in the birth year period 1887–90,” Acta
Paediatrica, International Journal of Paediatrics, vol. 85, no.
8, pp. 954–960, 1996.
[ 2 ] M .J .V i n c e r ,A .C .A l l e n ,K .S .J o s e p h ,D .A .S t i n s o n ,H .S c o t t ,
and E. Wood, “Increasing prevalence of cerebral palsy among
very preterm infants: a population-based study,” Pediatrics,
vol. 118, no. 6, pp. e1621–e1626, 2006.
[3] E. V. Wachtel and K. D. Hendricks-Mu˜ noz, “Current
management of the infant who presents with neonatal
encephalopathy,” Current Problems in Pediatric and Adoles-
cent Health Care, vol. 41, no. 5, pp. 132–153, 2011.
[4] E.E.HollingandA.Leviton,“Characteristicsofcranialultra-
sound white-matter echolucencies that predict disability: a
review,” Developmental Medicine and Child Neurology, vol.
41, no. 2, pp. 136–139, 1999.
[ 5 ]M .J .P l a t t ,C .C a n s ,A .J o h n s o ne ta l . ,“ T r e n d si nc e r e b r a l
palsy among infants of very low birthweight (<1500 g) or
born prematurely (<32 weeks) in 16 European centres: a
database study,” Lancet, vol. 369, no. 9555, pp. 43–50, 2007.
[ 6 ] C .M .T .R o b e rt s o n ,N .N .F i n e r ,a n dM .G .A .G r a c e ,“ S c h o o l
performance of survivors of neonatal encephalopathy associ-
ated with birth asphyxia at term,” Journal of Pediatrics, vol.
114, no. 5, pp. 753–760, 1989.
[ 7 ]C .M .T .R o b e r t s o na n dM .G .A .G r a c e ,“ V a l i d a t i o no f
prediction of kindergarten-age school-readiness scores of
nondisabled survivors of moderate neonatal encephalopathy
in term infants,” Canadian Journal of Public Health, vol. 83,
no. 2, pp. S51–S57, 1992.
[8] L. J. Woodward, J. O. Edgin, D. Thompson, and T. E. Inder,
“Object working memory deﬁcits predicted by early brain
injury and development in the preterm infant,” Brain, vol.
128, no. 11, pp. 2578–2587, 2005.
[9] M. Allin, M. Walshe, A. Fern et al., “Cognitive maturation
in preterm and term born adolescents,” Journal of Neurology,
Neurosurgery and Psychiatry, vol. 79, no. 4, pp. 381–386,
2008.
[10] D. M. Ferriero, “Medical progress: neonatal brain injury,”
New England Journal of Medicine, vol. 351, no. 19, pp. 1985–
1995, 2004.
[11] S. J. Vannucci and H. Hagberg, “Hypoxia-ischemia in the
immature brain,” Journal of Experimental Biology, vol. 207,
no. 18, pp. 3149–3154, 2004.
[12] F. F. Gonzalez and D. M. Ferriero, “Therapeutics for neonatal
brain injury,” Pharmacology and Therapeutics, vol. 120, no. 1,
pp. 43–53, 2008.
[13] E. Saliba and A. Henrot, “Inﬂammatory mediators and
neonatal brain damage,” Biology of the Neonate, vol. 79, no.
3-4, pp. 224–227, 2001.Neurology Research International 25
[14] H. Hagberg, D. Peebles, and C. Mallard, “Models of white
matter injury: comparison of infectious, hypoxic-Ischemic,
andexcitotoxicinsults,”MentalRetardationandDevelopmen-
talDisabilitiesResearchReviews,vol.8,no.1,pp.30–38,2002.
[15] E. K. Choi, D. Park, T. K. Kim et al., “Animal models of peri-
ventricular leukomalacia,” Laboratory Animal Research, vol.
27, pp. 77–84, 2011.
[16] K. B. Nelson and J. K. Grether, “Causes of cerebral palsy,”
Current Opinion in Pediatrics, vol. 11, no. 6, pp. 487–491,
1999.
[17] R. C. Vannucci and S. J. Vannucci, “A model of perinatal
hypoxic-ischemic brain damage,” Annals of the New York
Academy of Sciences, vol. 835, pp. 234–249, 1997.
[18] R. A. Sheldon, C. Sedik, and D. M. Ferriero, “Strain-
related brain injury in neonatal mice subjected to hypoxia-
ischemia,” Brain Research, vol. 810, no. 1-2, pp. 114–122,
1998.
[19] K. L. Arvin, B. H. Han, Y. Du, S. Z. Lin, S. M. Paul, and D.
M. Holtzman, “Minocycline markedly protects the neonatal
brain against hypoxic-ischemic injury,” Annals of Neurology,
vol. 52, no. 1, pp. 54–61, 2002.
[20] M. Tsuji, M. A. Wilson, M. S. Lange, and M. V. Johnston,
“Minocycline worsens hypoxic-ischemic brain injury in a
neonatal mouse model,” Experimental Neurology, vol. 189,
no. 1, pp. 58–65, 2004.
[21] K. Yoshizaki, K. Adachi, S. Kataoka et al., “Chronic cerebral
hypoperfusion induced by right unilateral common carotid
artery occlusion causes delayed white matter lesions and cog-
nitive impairment in adult mice,” Experimental Neurology,
vol. 210, no. 2, pp. 585–591, 2008.
[22] A. Alvarez-D´ ıaz, E. Hilario, F. Go˜ ni De Cerio, A. Valls-
I - S o l e r ,a n dF .J .A l v a r e z - D ´ ıaz, “Hypoxic-ischemic injury
in the immature brain—key vascular and cellular players,”
Neonatology, vol. 92, no. 4, pp. 227–235, 2007.
[23] O. Dammann, S. Durum, and A. Leviton, “Do white cells
matterinwhitematterdamage?”TrendsinNeurosciences,vol.
24, no. 6, pp. 320–324, 2001.
[24] F. J. Northington, R. Chavez-Valdez, and L. J. Martin, “Neu-
ronal cell death in neonatal hypoxia-ischemia,” Annals of
Neurology, vol. 69, no. 5, pp. 743–758, 2011.
[25] Z. S. Vexler and M. A. Yenari, “Does inﬂammation after
stroke aﬀect the developing brain diﬀerently than adult
brain?” Developmental Neuroscience, vol. 31, no. 5, pp. 378–
393, 2009.
[26] U. K. Hanisch and H. Kettenmann, “Microglia: active sensor
and versatile eﬀector cells in the normal and pathologic
brain,” Nature Neuroscience, vol. 10, no. 11, pp. 1387–1394,
2007.
[27] Y. Chen and R. A. Swanson, “Astrocytes and brain injury,”
Journal of Cerebral Blood Flow and Metabolism,v o l .2 3 ,n o .2 ,
pp. 137–149, 2003.
[28] Q. Wang, X. N. Tang, and M. A. Yenari, “The inﬂammatory
response in stroke,” Journal of Neuroimmunology, vol. 184,
no. 1-2, pp. 53–68, 2007.
[29] S. L. Andersen, “Trajectories of brain development: point of
vulnerability or window of opportunity?” Neuroscience and
Biobehavioral Reviews, vol. 27, no. 1-2, pp. 3–18, 2003.
[30] T. Ringstedt, C. F. Ib´ a˜ nez, and C. A. Nosrat, “Role of
brain-derived neurotrophic factor in target invasion in the
gustatory system,” Journal of Neuroscience,v o l .1 9 ,n o .9 ,p p .
3507–3518, 1999.
[31] I. Dalmau, J. M. Vela, B. Gonz´ alez, and B. Castellano,
“Expression of LFA-1α and ICAM-1 in the developing
rat brain: a potential mechanism for the recruitment of
microglial cell precursors,” Developmental Brain Research,
vol. 103, no. 2, pp. 163–170, 1997.
[32] F. Hu and S. M. Strittmatter, “Regulating axon growth
within the postnatal central nervous system,” Seminars in
Perinatology, vol. 28, no. 6, pp. 371–378, 2004.
[33] A. E. Lovett-Racke, M. E. Smith, L. R. Arredondo et al.,
“Developmentally regulated gene expression of Th2 cyto-
kines in the brain,” Brain Research, vol. 870, no. 1-2, pp. 27–
35, 2000.
[34] R.A.GadientandU.Otten,“Expressionofinterleukin-6(IL-
6) and interleukin-6 receptor (IL-6R) mRNAs in rat brain
during postnatal development,” Brain Research, vol. 637, no.
1-2, pp. 10–14, 1994.
[35] T .M.Burns,J .A.Clough,R.M.Klein,G.W .W ood,andN.E.
J.Berman,“Developmentalregulationofcytokineexpression
in the mouse brain,” Growth Factors, vol. 9, no. 4, pp. 253–
258, 1993.
[36] M. V. Johnston, “Excitotoxicity in perinatal brain injury,”
Brain Pathology, vol. 15, no. 3, pp. 234–240, 2005.
[37] J. W. Olney, “Excitotoxin-mediated neuron death in youth
and old age,” Progress in Brain Research, vol. 86, pp. 37–51,
1990.
[38] O. Dammann and A. Leviton, “Maternal intrauterine infec-
tion, cytokines, and brain damage in the preterm newborn,”
Pediatric Research, vol. 42, no. 1, pp. 1–8, 1997.
[39] P.RezaieandA.Dean,“Periventricularleukomalacia,inﬂam-
mation and white matter lesions within the developing
nervous system,” Neuropathology, vol. 22, no. 3, pp. 106–132,
2002.
[40] J. E. Rice, R. C. Vannucci, and J. B. Brierley, “The inﬂuence
of immaturity on hypoxic-ischemic brain damage in the rat,”
Annals of Neurology, vol. 9, no. 2, pp. 131–141, 1981.
[41] F. J. Northington, “Brief update on animal models of hy-
poxic-ischemic encephalopathy and neonatal stroke,” ILAR
Journal, vol. 47, no. 1, pp. 32–38, 2006.
[ 4 2 ]R .A .S h e l d o n ,J .J .H a l l ,L .J .N o b l e ,a n dD .M .F e r r i e r o ,
“Delayed cell death in neonatal mouse hippocampus from
hypoxia-ischemia is neither apoptotic nor necrotic,” Neuro-
science Letters, vol. 304, no. 3, pp. 165–168, 2001.
[43] S. Shu, G. Ju, and L. Fan, “The glucose oxidase-DAB-nickel
method in peroxidase histochemistry of the nervous system,”
Neuroscience Letters, vol. 85, no. 2, pp. 169–171, 1988.
[44] L. Acarin, B. Gonz´ alez, B. Castellano, and A. J. Castro,
“Quantitative analysis of microglial reaction to a cortical
excitotoxic lesion in the early postnatal brain,” Experimental
Neurology, vol. 147, no. 2, pp. 410–417, 1997.
[45] M. Abercrombie, “Estimation of nuclear population from
microtome sections,” The Anatomical Record, vol. 94, pp.
239–247, 1946.
[46] M. Sancho-Tello, S. Vall´ es, C. Montoliu, J. Renau-Piqueras,
and C. Guerri, “Developmental pattern of GFAP and
vimentin gene expression in rat brain and in radial glial
cultures.,” Glia, vol. 15, no. 2, pp. 157–166, 1995.
[47] D. Dahl, “The vimentin-GFA protein transition in rat
neuroglia cytoskeleton occurs at the time of myelination,”
Journal of Neuroscience Research, vol. 6, no. 6, pp. 741–748,
1981.
[48] J. S. Kim, J. Kim, Y. Kim et al., “Diﬀerential patterns of
nestin and glial ﬁbrillary acidic protein expression in mouse
hippocampus during postnatal development,” Journal of
Veterinary Science, vol. 12, no. 1, pp. 1–6, 2011.
[49] B. Brunne, S. Zhao, A. Derouiche et al., “Origin, maturation,
and astroglial transformation of secondary radial glial cells26 Neurology Research International
in the developing dentate gyrus,” GLIA, vol. 58, no. 13, pp.
1553–1569, 2010.
[50] I. Dalmau, B. R. Finsen, J. Zimmer, B. Gonz´ alez, and B.
Castellano, “Development of microglia in the postnatal rat
hippocampus,” Hippocampus, vol. 8, pp. 458–474, 1998.
[51] M. Hristova, D. Cuthill, V. Zbarsky et al., “Activation and
deactivation of periventricular white matter phagocytes
during postnatal mouse development,” GLIA, vol. 58, no. 1,
pp. 11–28, 2010.
[52] K. Shrivastava, P. Gonzalez, and L. Acarin, “The immune
inhibitory complex CD200/CD200R is developmentally reg-
ulated in the mouse brain,” Submitted.
[53] A. R. Schlessinger, W. M. Cowan, and D. I. Gottlieb, “An
autoradiographic study of the time of origin and the pattern
of granule cell migration in the dentate gyrus of the rat,”
Journal of Comparative Neurology, vol. 159, no. 2, pp. 149–
175, 1975.
[54] J.AltmanandS.A.Bayer,“Migrationanddistributionoftwo
populations of hippocampal granule cell precursors during
the perinatal and postnatal periods,” J o u r n a lo fC o m p a r a t i v e
Neurology, vol. 301, no. 3, pp. 365–381, 1990.
[ 5 5 ]D .C .A n d e r s o n ,B .J .H u g h e s ,a n dC .W .S m i t h ,“ A b n o r -
mal mobility of neonatal polymorphonuclear leukocytes.
Relationship to impaired redistribution of surface adhesion
sites by chemotactic factor or colchicine,” Journal of Clinical
Investigation, vol. 68, no. 4, pp. 863–874, 1981.
[56] D. C. Anderson, R. Rothlein, S. D. Marlin, S. S. Krater, and C.
W. Smith, “Impaired transendothelial migration by neona-
tal neutrophils: abnormalities of Mac-1 (CD11b/CD18)-
dependent adherence reactions,” Blood, vol. 76, no. 12, pp.
2613–2621, 1990.
[57] C. Torok, J. Lundahl, and H. Lagercrantz, “Diversity in
regulation of adhesion molecules (Mac-1 and L-selectin)
in monocytes and neutrophils from neonates and adults,”
Archives of Disease in Childhood, vol. 68, no. 5, pp. 561–565,
1993.
[58] M. Hedtj¨ arn, A. L. Leverin, K. Eriksson, K. Blomgren, C.
Mallard, and H. Hagberg, “Interleukin-18 involvement in
hypoxic-ischemic brain injury,” Journal of Neuroscience, vol.
22, no. 14, pp. 5910–5919, 2002.
[59] C. Doverhag, M. Keller, A. Karlsson et al., “Pharmacological
and genetic inhibition of NADPH oxidase does not reduce
brain damage in diﬀerent models of perinatal brain injury in
newborn mice,” Neurobiology of Disease,v o l .3 1 ,n o .1 ,p p .
133–144, 2008.
[60] J.Towﬁghi,N.Zec,J.Yager,C.Housman,andR.C.Vannucci,
“Temporal evolution of neuropathologic changes in an
immature rat model of cerebral hypoxia: a light microscopic
study,” Acta Neuropathologica, vol. 90, no. 4, pp. 375–386,
1995.
[61] S. Rees and T. Inder, “Fetal and neonatal origins of altered
brain development,” Early Human Development, vol. 81, no.
9, pp. 753–761, 2005.
[62] J. J. Volpe and A. Zipurksy, “Neurobiology of periventricular
leukomalacia in the premature infant,” Pediatric Research,
vol. 50, no. 5, pp. 553–562, 2001.
[63] C. Kaur, V. Sivakumar, L. S. Ang, and A. Sundaresan, “Hy-
poxic damage to the periventricular white matter in neonatal
brain: role of vascular endothelial growth factor, nitric oxide
and excitotoxicity,” Journal of Neurochemistry, vol. 98, no. 4,
pp. 1200–1216, 2006.
[64] S. A. Back, B. H. Han, N. L. Luo et al., “Selective vulnerability
of late oligodendrocyte progenitors to hypoxia-ischemia,”
Journal of Neuroscience, vol. 22, no. 2, pp. 455–463, 2002.
[65] M.V.Johnston,W.Nakajima,andH.Hagberg,“Mechanisms
of hypoxic neurodegeneration in the developing brain,”
Neuroscientist, vol. 8, no. 3, pp. 212–220, 2002.
[66] R. P. Skoﬀ,D .A .B e s s e r t ,J .D .E .B a r k s ,D .S o n g ,M .C e r g h e t ,
and F. S. Silverstein, “Hypoxic-ischemic injury results in
acute disruption of myelin gene expression and death of
oligodendroglial precursors in neonatal mice,” International
JournalofDevelopmentalNeuroscience,vol.19,no.2,pp.197–
208, 2001.
[67] M. Hedtj¨ arn, C. Mallard, P. Arvidsson, and H. Hagberg,
“White matter injury in the immature brain: role of inter-
leukin-18,” Neuroscience Letters, vol. 373, no. 1, pp. 16–20,
2005.
[68] M. J. Romanko, R. P. Rothstein, and S. W. Levison, “Neural
stem cells in the subventricular zone are resilient to hy-
poxia/ischemia whereas progenitors are vulnerable,” Journal
of Cerebral Blood Flow and Metabolism,v o l .2 4 ,n o .7 ,p p .
814–825, 2004.
[69] R. P. Skoﬀ,D .B e s s e r t ,J .D .E .B a r k s ,a n dF .S .S i l v e r s t e i n ,
“Plasticity of neurons and glia following neonatal hypoxic-
ischemic brain injury in rats,” Neurochemical Research, vol.
32, no. 2, pp. 331–342, 2007.
[70] D. B. Selip, L. L. Jantzie, M. Chang et al., “Regional
diﬀerences in susceptibility to hypoxic-ischemic injury in the
preterm brain: exploring the spectrum from white matter
loss to selective grey matter injury in a rat model,” Neurology
ResearchInternational,vol.2012,ArticleID725184,11pages,
2012.
[71] J. J. Volpe, “The encephalopathy of prematurity—brain
injury and impaired brain development inextricably inter-
twined,” Seminars in Pediatric Neurology, vol. 16, no. 4, pp.
167–178, 2009.
[72] E. M. Jansen and W. C. Low, “Quantitative analysis of con-
tralateral hemisphere hypertrophy and sensorimotor perfor-
mance in adult rats following unilateral neonatal ischemic-
hypoxic brain injury,” Brain Research, vol. 708, no. 1-2, pp.
93–99, 1996.
[73] J. Towﬁghi, C. Housman, R. C. Vannucci, and D. F. Heitjan,
“Eﬀect of unilateral perinatal hypoxic-ischemic brain dam-
age on the gross development of opposite cerebral hemi-
sphere,” Biology of the Neonate, vol. 65, no. 2, pp. 108–118,
1994.
[74] R. C. Vannucci, D. T. Lyons, and F. Vasta, “Regional cerebral
blood ﬂow during hypoxia-ischemia in immature rats,”
Stroke, vol. 19, no. 2, pp. 245–250, 1988.
[75] R. M. Cowell, H. Xu, J. M. Galasso, and F. S. Silverstein,
“Hypoxic-ischemic injury induces macrophage inﬂamma-
tory protein-1α expression in immature rat brain,” Stroke,
vol. 33, no. 3, pp. 795–801, 2002.
[76] E. R. W. Van Den Tweel, A. Kavelaars, M. S. Lombardi et
al., “Bilateral molecular changes in a neonatal rat model
of unilateral hypoxic-ischemic brain damage,” Pediatric
Research, vol. 59, no. 3, pp. 434–439, 2006.
[77] M. Hedtjarn, C. Mallard, and H. Hagberg, “Inﬂammatory
gene proﬁling in the developing mouse brain after hypoxia-
ischemia,” Journal of Cerebral Blood Flow & Metabolism, vol.
24, pp. 1333–1351, 2004.
[78] V. S. Ten, E. X. Wu, H. Tang et al., “Late measures of brain
injury after neonatal hypoxia-ischemia in mice,” Stroke, vol.
35, no. 9, pp. 2183–2188, 2004.
[79] J. J. Volpe, Neurology of the Newborn, vol. 912, WB Saunders,
Philadelphia, Pa, USA, 2001.
[80] M. V. Sofroniew and H. V. Vinters, “Astrocytes: biology and
pathology,” Acta Neuropathologica, vol. 119, no. 1, pp. 7–35,
2010.Neurology Research International 27
[81] A. Kriegstein and A. Alvarez-Buylla, “The glial nature of
embryonic and adult neural stem cells,” Annual Review of
Neuroscience, vol. 32, pp. 149–184, 2009.
[82] P. Levitt and P. Rakic, “Immunoperoxidase localization of
glial ﬁbrillary acidic protein in radial glial cells and astrocytes
of the developing rhesus monkey brain,” Journal of Compar-
ative Neurology, vol. 193, no. 3, pp. 815–840, 1980.
[83] F. T. Merkle, A. D. Tramontin, J. M. Garc´ ıa-Verdugo, and
A. Alvarez-Buylla, “Radial glia give rise to adult neural stem
cells in the subventricular zone,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 101,
no. 50, pp. 17528–17532, 2004.
[84] B.Stevens,N.J.Allen,L.E.Vazquezetal.,“Theclassicalcom-
plement cascade mediates CNS synapse elimination,” Cell,
vol. 131, no. 6, pp. 1164–1178, 2007.
[85] B.A.Barres,“Themysteryandmagicofglia:aperspectiveon
their roles in health and disease,” Neuron,v o l .6 0 ,n o .3 ,p p .
430–440, 2008.
[ 8 6 ]D .J .R o s s i ,J .D .B r a d y ,a n dC .M o h r ,“ A s t r o c y t em e t a b o l i s m
and signaling during brain ischemia,” Nature Neuroscience,
vol. 10, no. 11, pp. 1377–1386, 2007.
[87] T. Takano, N. A. Oberheim, M. L. Cotrina, and M. Neder-
gaard, “Astrocytes and ischemic injury,” Stroke,v o l .4 0 ,n o .3 ,
pp. S8–S12, 2009.
[88] L. Li, A. Lundkvist, D. Andersson et al., “Protective role of
reactive astrocytes in brain ischemia,” J o u r n a lo fC e r e b r a l
Blood Flow & Metabolism, vol. 28, pp. 468–481, 2008.
[89] K. J¨ arlestedt, C. I. Rousset, M. Faiz et al., “Attenuation of
reactive gliosis does not aﬀect infarct volume in neonatal
hypoxic-ischemic brain injury in mice,” PLoS One, vol. 5, no.
4, Article ID e10397, 2010.
[90] A. Messing and M. Brenner, “GFAP: functional implications
gleaned from studies of genetically engineered mice,” GLIA,
vol. 43, no. 1, pp. 87–90, 2003.
[91] S. M. Sullivan, S. T. Bj¨ orkman, S. M. Miller, P. B. Colditz, and
D.V.Pow,“Morphologicalchangesinwhitematterastrocytes
in response to hypoxia/ischemia in the neonatal pig,” Brain
Research, vol. 1319, pp. 164–174, 2010.
[92] I. Dalmau, B. Finsen, J. Zimmer, B. Gonzalez, and B.
Castellano, “Development of microglia in the postnatal rat
hippocampus,” Hippocampus, vol. 8, pp. 458–474, 1998.
[93] E. A. Ling and W. C. Wong, “The origin and nature of
ramiﬁed and amoeboid microglia: a historical review and
current concepts.,” Glia, vol. 7, no. 1, pp. 9–18, 1993.
[94] J. Xu and E. A. Ling, “Studies of the ultrastructure and
permeability of the blood-brain barrier in the developing
corpus callosum in postnatal rat brain using electron dense
tracers,” Journal of Anatomy, vol. 184, no. 2, pp. 227–237,
1994.
[95] M. E. Tremblay, B. Stevens, A. Sierra, H. Wake, A. Bessis, and
A. Nimmerjahn, “The role of microglia in the healthy brain,”
The Journal of Neuroscience, vol. 31, pp. 16064–16069, 2011.
[96] Y. Y. Deng, J. Lu, E. A. Ling, and C. Kaur, “Role of microglia
in the process of inﬂammation in the hypoxic developing
brain,” Frontiers in Bioscience (Scholar edition), vol. 3, pp.
884–900, 2011.
[97] A. U. Zaidi, D. A. Bessert, J. E. Ong et al., “New oligoden-
drocytes are generated after neonatal hypoxic-ischemic brain
injury in rodents,” GLIA, vol. 46, no. 4, pp. 380–390, 2004.
[98] R. M. Cowell, H. Xu, J. M. Parent, and F. S. Silverstein,
“Microglial expression of chemokine receptor CCR5 during
rat forebrain development and after perinatal hypoxia-
ischemia,” Journal of Neuroimmunology, vol. 173, no. 1-2, pp.
155–165, 2006.
[99] C. Michiels, “Physiological and pathological responses to
hypoxia,” American Journal of Pathology, vol. 164, no. 6, pp.
1875–1882, 2004.
[100] M. T. Verklan, “The chilling details: hypoxic-ischemic en-
cephalopathy,”JournalofPerinatalandNeonatalNursing,vol.
23, no. 1, pp. 59–68, 2009.
[101] M. R. Kotter, W. W. Li, C. Zhao, and R. J. M. Franklin, “My-
elin impairs CNS remyelination by inhibiting oligodendro-
cyte precursor cell diﬀerentiation,” Journal of Neuroscience,
vol. 26, no. 1, pp. 328–332, 2006.
[102] R. Pluta, S. Januszewski, M. Jablonski, and M. Ulamek,
“Factors in creepy delayed neuronal death in hippocampus
following brain ischemia-reperfusion injury with long-term
survival,” Acta Neurochirurgica Supplementum, vol. 106, pp.
37–41, 2010.
[103] I. Napoli and H. Neumann, “Protective eﬀects of microglia
in multiple sclerosis,” Experimental Neurology, vol. 225, pp.
24–28, 2010.
[104] I. Glezer, A. R. Simard, and S. Rivest, “Neuroprotective role
oftheinnateimmunesystembymicroglia,”Neuroscience,vol.
147, no. 4, pp. 867–883, 2007.
[105] M. R. Griﬃths, P. Gasque, and J. W. Neal, “The regulation of
the CNS innate immune response is vital for the restoration
of tissue homeostasis (repair) after acute brain injury: a brief
review,” International Journal of Inﬂammation, vol. 2010,
Article ID 151097, 18 pages, 2010.
[106] H. Neumann, M. R. Kotter, and R. J. M. Franklin, “Debris
clearance by microglia: an essential link between degenera-
tion and regeneration,” Brain, vol. 132, no. 2, pp. 288–295,
2009.
[107] M. Lalancette-H´ ebert, G. Gowing, A. Simard, C. W. Yuan,
and J. Kriz, “Selective ablation of proliferating microglial
cells exacerbates ischemic injury in the brain,” Journal of
Neuroscience, vol. 27, no. 10, pp. 2596–2605, 2007.
[108] C. Fox, A. Dingman, N. Derugin et al., “Minocycline confers
early but transient protection in the immature brain follow-
ing focal cerebral ischemia-reperfusion,” Journal of Cerebral
Blood Flow & Metabolism, vol. 25, pp. 1138–1149, 2005.
[109] J. V. Faustino, X. Wang, C. E. Johnson et al., “Microglial cells
contribute to endogenous brain defenses after acute neonatal
focal stroke,” The Journal of Neuroscience, vol. 31, pp. 12992–
13001, 2011.
[110] J. J. McAuliﬀe, L. Miles, and C. V. Vorhees, “Adult neuro-
logical function following neonatal hypoxia-ischemia in a
mouse model of the term neonate: water maze performance
isdependentonseparablecognitiveandmotorcomponents,”
Brain Research, vol. 1118, no. 1, pp. 208–221, 2006.
[111] S. Hudome, C. Palmer, R. L. Roberts, D. Mauger, C.
Housman, and J. Towﬁghi, “The role of neutrophils in the
production of hypoxic-ischemic brain injury in the neonatal
rat,” Pediatric Research, vol. 41, no. 5, pp. 607–616, 1997.
[112] C. Palmer, R. L. Roberts, and P. I. Young, “Timing of
neutrophil depletion inﬂuences long-term neuroprotection
in neonatal rat hypoxic-ischemic brain injury,” Pediatric
Research, vol. 55, no. 4, pp. 549–556, 2004.
[113] E. Bona, A. L. Andersson, K. Blomgren et al., “Chemokine
and inﬂammatory cell response to hypoxia-ischemia in im-
mature rats,” Pediatric Research, vol. 45, no. 4, pp. 500–509,
1999.
[114] M. Gelderblom, F. Leypoldt, K. Steinbach et al., “Temporal
and spatial dynamics of cerebral immune cell accumulation
in stroke,” Stroke, vol. 40, no. 5, pp. 1849–1857, 2009.
[115] N. Benjelloun, S. Renolleau, A. Represa, Y. Ben-Ari, and
C. Charriaut-Marlangue, “Inﬂammatory responses in the28 Neurology Research International
cerebral cortex after ischemia in the P7 neonatal rat,” Stroke,
vol. 30, no. 9, pp. 1916–1924, 1999.
[116] G. Yilmaz and D. N. Granger, “Cell adhesion molecules and
ischemic stroke,” Neurological Research,v o l .3 0 ,n o .8 ,p p .
783–793, 2008.
[117] S. Girard, A. Larouche, H. Kadhim, M. Rola-Pleszczynski,
F. Gobeil, and G. Sebire, “Lipopolysaccharide and hypox-
ia/ischemia induced IL-2 expression by microglia in neonatal
brain,” NeuroReport, vol. 19, pp. 997–1002, 2008.